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I. INTRODUCTION

In recent years, there has been a revival of interest in the intense,
field-aligned irregularities found in tk- =quatorial F regiocn, now cate-
gorically known as 'equatorial spread-F'" irregularities (Farley et al.,
1970; Balsley et al,, 1972; McClure and Woodman, 1972; Farley, 1974;
Balsley and Farley, 1975; Scannapieco and Ossakow, 1976; and Rottger,
1976). The impetus behind this resurgence of research activity was the
surprising discovery that radio waves with frequencies in thre gigahertz
range can scintillate significantly when traversing a disturbed equatorial
ionosphere (Crampton and Sessions, 1971; Christiansen, 1971, Craft and
Westerlund, 1972). Since the current trend is to move satellite communi-
cation channels upward in frequency from the lower UHF band into the
gigahertz range (where the ionospheric effects were thought to be inno-
cuous), this discovery required serious reassessment of ionospheric ir-
regularity characteristics and their source mechanisms. Understanding
of natural processes capable of producing intense irregularities is also
requisite if we intend to extrapolate these effects to communication sys-

tems operating in a nuclear environment.

Much of the progress toward understanding the production mechanism of
these intense, F-region field-aligned irregularities is due to the use of
the Jicamarca incoherent-scatter radar (Farley et al., 1970; McClure and
Woodman, 1972; Kelley et al., 1976; Woodman and La Hoz, 1976; McClure et
al., 1977; Basu et al., 1977). The principal advantage of the Jicamarca
radar is continuous measurement of the electron density profile (by
incoherent-scatter technique) during quiet ionospheric conditions up to
the time of spread-F onset and continuous mapping of 3-m spread-F irregu-
larities thereafter., (Because radar backscatter is obtained by Bragg
scattering, the Jicamarca radar, which operates at a radar wavelength of

6 m, is sensitive to electron-density irregularities of 3-m wavelength.)

PRECEDING PAGE BLANK-NOT FILMED
- : —




The purpose of this report is to present preliminary results of
1-m equatorial spread-F irregularities observed with ALTAIR, a high-power
radar located in the equatorial zone. ALTAIR, a dedicated radar operated
under the direction of the MIT Lincoln Laboratory for the U.,S. Army,
was recently used in support of the Wideband Equatorial Program, a
coordinated satellite-rocket field experiment conducted at Kwajalein
Atoll, Marshall Islands, and sponsored by the Defense Nuclear Agency.
ALTAIR was operated during the field campaign for the purpose of mapping

F-region field-aligned irregularities in space as a function of time.

In this report, we show that: (1) ALTAIR is sensitive enough to be
operated as an incoherent-scatter radar; (2) electron density profiles
can be extracted from the ALTAIR data collected during the Wideband
Equatorial Program; and (3) spatial maps of spread-F irregularities
obtained as a function of time provide a powerful means of studying the

dynamics of those irregularities,

In Section II, we describe the radar, its mode of operation during
the field experiment, and the data recorded for analysis. In Section III,
we describe the data reduction procedure used to extract electron density
profiles from incoherent-scatter information, and discuss the associated
assumptions and 111 tations. Preliminary results that illustrate the
kind of information available in ALTAIR data are presented in Section IV,
The results are discussed in Section V in relation to other recent
findings and to the collisional Rayleigh-Taylor instability, a mechanism

thought to be responsible for equatorial spread-F.
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1I, EXPERIMENTAL CONSIDERATIONS

ALTAIR is a highly-sensitive, dual-frequency radar designed speci-
fically to study the physical interactions between a ballistic missile
in flight and its natural environment, with particular emphasis on re-
entry. The radar utilizes a 150~ft paraboloid antenna through which
simultaneous transmissions at 155.5 and 415 MHz can be made. The antenna
is fully steerable, a feature which we show to have significant value in
the study of spread-F irregularities and one which is used to advantage

in this study.

During the Wideband Equatorial Program, ALTAIR provided three prin-
cipal support functions: (1) a means of spatial and temporal extrapolation
between the Wideband satellite measurements of scintillation and in situ
rocket measurements of electron density irregularities; (2) a measure of
scintillation activity prior to the high-elevation passes by the Wideband
satellite; and (3) high-resolution measurements of small-scale irregu-
larity structure at VHF and UHF. The first function was accomplished by
operating ALTAIR in repeated sector scans to map the distribution of
spread-F irregularities in space, as a function of time. In this wmode,
only VHF data (i.e., 155.5 MHz) were recorded. The results reported in

this report were obtained from the analysis of that data.

The sector scan data were obtained in what is called the AMTAC mode.
In this mode, the antenna was steered from west to east (geomagnetic)
in 21 discrete steps. Dwell time at each beam position varied between
10 and 20 s, resulting in a total scan time of 3.5 to 7 min. The AMTAC
scan geometry is shown in Figure 1., ALTAIR is located on the northern-
most island of Roi Namur in the Kwajalein Atoll., The scan was made in a
plane oriented perpendicular to the magnetic meridian and tilted at an
elevation angle of 810. The scanned sector is shown in Figure 1 by a
shaded triangle with the locations of the first, center, and last beam

positions labeled by the corresponding number in the scan sequence. Also

~1
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shown are contours of exact perpendicularity between the line of sight
from ALTAIR and the geomagnetic {ield at three different altitudes.

o
Adjacent beam positions were separated by about 2.25 | which amounted to

o
a total scanned sector of 45 .

For the AMTAC mode, only the VHF portion of the radar was used. A
pulsewidth of 30 us (4.5 km range resolution) was selected together with
a pulse repetition rate of 40 s-l. The received signal was detected and
logarithmically amplified. Data samples were taken at 1.5-km range
intervals over a 495-km extent, with a starting range that was varied
according to spread-I' activity. The 330 data samples were averaged over
20 transmissions (0.5 s integration in time) before being recorded on
magnetic tape. In the data reduction, the number of samples were reduced

to 110 by range averaging over three consecutive samples,

The data collected during the Wideband Equatorial Program are sum-
marized in Table 1. ALTAIR was operated on eight nights in August 1977
with AMTAC data recorded during the time periods listed in the table.
Some AMTAC data gaps occur within the time periods indicated because of
the use of the radar for other support functions mentioned at the begin-

ning of this section.

Table 1
ALTAIR DATA SUMMARY

Day Date (UT) Start Time End Time
224 8/12/77 1053:32 1116:44
225 8/13/77 1150:45 1228:26
229 8/17/77 1016:44 1215:55
230 8/18/77 0837:23 1218:57
232 8/20/77 0817:38 1231:48
233 8/21/77 0750:24 1234:13
235 8/23/77 0815:19 1227:14
238 8/26/77 0928:20 1248:27

9




Before proceeding to the results, the question of the magnetic
aspect sensitivity of equatorial spread-F irregularities requires some
consideration, particularly if we are to interpret spatial maps of
spread-F backscatter. We know that the magnetic aspect dependence of
radar backscatter from auroral E-region irregularities is between 4 and
10 dB per degree (Chesnut et al., 1968; Jaye et al., 1969). Because of
a much smaller collision frequency in the F region, we expect spread-F
irregularities to be even more elongated along the geomagnetic field,

and hence have a much steeper magnetic aspect dependence.

The magnetic-aspect angle variation over the sector scanned in the
AMTAC mode is shown in Figure 2. The magnetic aspect angles were
computed as a function of range for each antenna beam direction using
the IGRF 1975 geomagnetic field model coefficients. Since we do not
intend to make any quantitative corrections for the magnetic aspect
angles, we have plotted only the results from every other beam position
(labeled at the top of the pie shaped sector in Figure 2), We see that
the zero magnetic aspect angle contour is located at F-region altitudes,
as intended, except for a sharp deviation around beam position 9. Over
the altitude range of interest (200 to 700 km), the magnetic aspect
angle ranges from —0.2o to +1.00. Therefore, we expect the spread-F
backscatter maps obtained with ALTAIR probably to be significantly shaded
by the magnetic aspect dependence. (This problem is less severe at
Jicamarca where the dip latitude is much smaller--2° compared to 9° at
Roi Namur. Fortunately, as shown in Section IV, the spread-F irregularity
regions are generally discrete. Consequently, the qualitative morphology

of these irregularity regions should not be significantly distorted.

10
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III, INCOHERENT-SCATTER DATA ANALYSIS

The purpose of this section is threef»ld: (1) to present an analysis
of the sensitivity of ALTAIR for incoherent-scatter measurements; (2) to
present preliminary examples of electron density profiles derived from
ALTAIR data; and (3) to discuss the assumptions and limitations that are
inherent in the data processing and interpretation. Since the purpose
of the sensitivity analysis is only to establish credibility, the analysis
is presented in simple physical terms. Feasibility is demonstrated by
comparing ALTAIR radar parameters to those of the Chatanika radar, an
operational incoherent-scatter radar. The data reduction procedure used
to derive the electron density profiles is then described and followed
by an example. Finally, we discuss the principal assumptions and limita-
tions that are imposed on data collected with the radar beam intersecting
the geomagnetic field at right angles, as well as those that are peculiar

to the ALTAIR data set.

A, Sensitivity Analysis

Using the radar equation and assuming that the scattering volume
(defined by the transmitted pulsewidth and the antenna beamwidth) is
filled with equivalent scatterers each having a radar cross-section
comparable to that of an electron, we obtain an approximate form for
the received signal power caused by incoherent backscatter (e.g., Evans,

1969; Baron et al., 1976):

P_ATN

2
R

P ~ 2 X 10
: 1 LY
where Pt = transmitted peak power, watts
2
A = effective antenna aperture, m
T = pulsewidth, s
3
N = electron density, el/m

R = range, m,

L2




The noise power is given by
P = kT Af (2)
n S

2

-23
1.38 X 10 joules/ K

where Kk =
o
'I‘g = system temperature, K
Af = system bandwidth, Hz.

The ratio of Eqs. (1) and (2) gives the signal-to-noise ratio (SNR):

P AT
15N t

SNR = ;:)—-,i‘;rf-‘ : (3)

From Eq. (3), we see that the radar parameters of interest when deter-
mining the radar's sensitivity to incoherent backscatter are the power-
aperture product (PtA)' the system noise temperature (Ts), and the

pulsewidth-to-bandwidth ratio (T/4f).

The radar parameters for ALTAIR and the Chatanika radar are listed
in Table 2, Using the listed parameters, the power-aperture products
for ALTAIR is 8.2 X 109 watts-mz, and the Chatanika radar is 8.8 X 108
watts-mz. That is, the signal power received by ALTAIR is 9.7 dB greater
than that received by the Chatanika radar. The temperature ratio is
0.11, or -9.6 dB, favoring the Chatanika radar over ALTAIR. The final
sensitivity parameter is the pulsewidth-to-bandwidth ratio. ALTAIR uses
a matched-filter receiver in which the bandwidth is 1/T, or for example,
33 kHz for a 30-us pulsewidth. The Chatanika radar uses a 50-kliz band-
width to accommodate the spectrum of the transmitted pulse as well as any
Doppler effects that are prevalent in an auroral ionosphere. The ratio
for ALTAIR is 9 X lﬂ_los/ﬂz, and the ratio for the Chatanika radar is

-9
1.34 X 10 s/Hz or -1.7 dB, favoring the Chatanika radar.

13




Table 2
COMPARISON OF RADAR SYSTEM CHARACTERISTICS

Parameter ALTAIR Chatanika
Frequency, MHz 155.5 1290
Peak Power, MW 10 4
Pulsewidth, us 30 67
Antenna:
Diameter, m(ft) 45.6 (150) 26.8 (88)
Beamwidth (deg) 2.8 0.6
Gain, dB 34.7 47.1
Effective Aperture, m2 820 220
Temperature, _K 992 110
Polarization RC/LC RC/LC

Combining the above numbers, the SNR of ALTAIR compared to that of

the Chatanika radar is

36 ik SRR} 9.9 < 9.6 ~ 1.7 4B bk
%10 SNR ) ‘

= ~-1.6 dB

Based on the listed radar parameters in Table 2, ALTAIR is only 1.6 dB
less sensitive than the Chatanika radar for incoherent-scatter measure-
ments. However, the comparison was made with ALTAIR having approximately
one-half the pulsewidth of the Chatanika radar. We therefore conclude
that ALTAIR is easily capable of making incoherent-scatter measurements.
(It might be of interest to note that the Jicamarca incoherent-scatter
radar is approximately 8 dB more sensitive than the Chatanika radar

[Evans, 1969]).

B. Electron Density Profiles

The basic data reduction procedure necessary to derive electron
density profiles fram incoherent-scatter data is straightforward: (1)

recorded data must be time-averaged to reduce statistical variations;

14




(2) the mean noise power must be estimated and subtracted from the
averaged data; and (3) the residual that represents the average received
signal power caused by incoherent backscatter must be multiplied by a
scale factor to convert signal power into electron density. The last
step is usually more complicated because spectral information must be
convolved into the calculations to account for variations in signal power,
primarily because of variations in electron and ion temperatures (for
details see Evans, 1969). Each of the above steps, however, usually
differs in detail from one radar to another, depending on various factors
such as radar parameters (e.g., operating frequency), desired modes of

operation, and the altitude regime being sampled.

As described in Section II, the recorded data consist of 20-sapple
averages of the log amplitude (of the received signal-plus-noise), ordered
in range, for a specific radar beam direction. Because the recorded data
are already subaverages of the log amplitude, no attempt was made to
"de-log" the data before further averaging. Instead, furthe. averaging
was done by direct summation of the recorded subaverages. Since we are
interested in the average power, we need to know the relationship of
the average of the log amplitude to the average power. We show in the
Appendix that the average of the log amplitude of a Rayleigh-distributed
(i.e., noiselike) signal is related to the average power by a deterministic
constant. Therefore, on the assumption that the received signal was
passed through a "perfect’ logarithmic receiver, the averaging procedure

described above should produce the desired results.

An estimate of the mean noise power is usually obtained by averaging
the received power during a portion of the interpulse period that is not
contaminated by signil or interference of any kind. Because of the
limited range extent covered by the ALTAIR data window (495 km), a "clean"
noise sample is usually not available., For our best estimate, we have
selected data samples in the altitude intervals 130 to 180 km and above
150 km as the "noise” samples. The '"noise" samples are probably reason-

able for a quiet nighttime ionosphere when there is no F, layer and where

1
the electron density above 450 km should be very small. Under disturbed
conditions, the samples above 450 km can be in error by a substantial

amount because of the presence of spread-F backscatter at those altitudes.

15




Once the mean noise power is subtracted from the averaged data, the
residual must be multiplied by a scale factor that includes all constants
such as the radar system constants and the relationship of the average
log amplitude to average power. In principle, the scale factor can be
determined directly from the data since the data is absolutely calibrated
in dBsm. In practice, it is probably more reliable to determine the scale
factor by using the foF2 value obtained from simultaneously recorded
tonograns. Because foFZ values were not immediately available for this
preliminary analysis of the data, we calculated a scale factor based on
a nominal foF2 value of 8 MHz (a typical midnight equatorial ionosphere)

and applied this scale factor to all data sets.

In the computation of electron density profiles from ALTAIR data,
there 1s no compensation for temperature variations with altitude or as a
function of time. This deficiency is discussed later in this section
where reasonable arguments are presented that suggest that the errors
introduced by this omission are acceptable for our immediate (preliminary)

purposes,

An example of an electron density profile derived using the above
procedure is shown in Figure 3. The data were collected on 13 August
1977 under quiet ionospheric conditions--i.e., no spread-F. These data,
like all others (except for two isolated data sets), were obtained with
the radar beam directed exactly perpendicular to the geomagnetic field
at F-region altitudes. Therefore, actual verification that incoherent-
scatter (rather than semicoherent scatter) returns are being received

must await analysis of the data taken at off-perpendicular angles.

The example shown in Figure 3 represents a profile derived from data
averaged over 10 s, at a fixed beam position. Several features should be
noted. The profile above 200 km is very similar in shape to the nighttime

equatorial F,_ layer (Bowles et al., 1963; Farley et al., 1967). We show

2
in Section IV that profiles obtained by the above-described method are a
characteristic feature in all the data and they also move in altitude and
change in peak value as expected of the nighttime F2 layer. The large
spike at 105 km is a sporadic-E layer where the peak "electron density"

is more likely to be a result of scattering from a gradient or electron

density irregularities.

16
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FIGURE 3 EXAMPLE OF ELECTRON DENSITY PROFILE COMPUTED FROM ALTAIR DATA

Finally, the dashed curve labeled as being proportional to range
squared represents a measure of the minimum detectable signal for the
integration time used. The curve actually corresponds to 1/200th the
value of the mean noise power multiplied by range squared. Whenever the
residual value after noise subtraction was negative, it was reassigned
the above value so as to have a reasonable log plot of the profile. The
large fluctuations in the profile about this curve in the altitude inter-
vals 130 to 180 km and above 450 km is caused by the statistical nature
of the data. Recall that the mean noise level itself is computed from
data in these altitude intervals because no separate noise sample was
taken during the operation. For the same reasons the structure in the
topside of the F_ layer seen in Figure 3 is also believed to be caused

by statistical fluctuations.
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C; Principal Assumptions and Limitations

When radar backscatter data are obtained with the radar beam inter-
secting the geomagnetic field at right angles, several effects must be
accounted for before the range-power profile can be interpreted in terms
of electron density. At frequencies as low as 155 MHz (that used by
ALTAIR), the foremost consideration is contamination of incoherent-scatter
returns by semicoherent backscatter from field-aligned irregularities.
Because there is no simple way of discriminating incoherent from semi-
coherent returns, the system constant that relates received power to
electron density must be calibrated with data taken at sufficiently large
off-perpendicular angles. Any data taken at exact perpendicularity can
then be interpreted in terms of incoherent-scatter returns and converted
into electron density profiles., When semicoherent backscatter echoes

are present, such profiles cannot be simply related to electron densities.

For the backscatter returns that are from incoherent-scatter, we
must consider what other assumptions are necessary to estimate the true
electron density profile from the data. It is well known that power
measurements must be supplemented by spectral measurements to correct
for Debye length and temperature effects. At 155 MHz, Debye length effects
are entirely negligible for the electron densities of interest. Farley
et al. (1967) have shown that the electron-to-ion temperature ratio (the
parameter of interest) is virtually unity in the nighttime equatorial
ionosphere. Since the Wideband-related operations of ALTAIR were all
conducted well after sunset, there is good reason to assume that the

temperature ratio is also near unity over Kwajalein,

If the temperature ratio is indeed unity, Farley et al. (1961) have
shown theoretically that the total power that is backscattered is
unaltered by the magnetic field. On the other hand, if the temperature
ratio is not unity, Farley (1966) has shown that the total backscattered
power can be enhanced up to a factor of two when the radar beam is
directed normal to the geomagnetic field lines. Baron and Petriceks (1967)
experimentally confirmed the theoretical results of Farley (1966). It is

3 z (e}
not clear how large an enhancement would occur using a radar with a 2.8

18
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beamwidth. Pineo et al. (1963) found slight but negligible enhancement
(relative to their experimental accuracy) when using a 425-MHz radar
with a 2.20 beamwidth and an 800-us pulsewidth. Thus, we can probably

neglect this effect in interpreting ALTAIR aata.
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IV, ONE-METER SPREAD-F IRREGULARITIES

In this section, we present examples of 1-m spread-F irregularities
observed with ALTAIR operated in the AMTAC mode. Examples have been
selected to illustrate the usefulness of the results for determining:

(1) the spatial distribution of 1-m spread-F irregularities; (2) size,
shape, and orientation of irregularity regions; (3) east-west (geomagnetic)
and vertical velocities of 1-m irregularities; and (4) lifetimes of irre-
gularity regions. The feature of particular interest in these results

is the ability of the radar to measure the background electron density
profile in the presence of spread-I backscatter. This feature is discussed

in more detail in the following paragraphs.

Backscatter profiles from the first example are shown in Figure 4.
The format of each profile is identical to the electron density profiles
presented in Section III. That is, all of the backscatter profiles have
been calibrated in strength as though they were caused by incoherent
scatter. Hence, the profiles shown in Figure 4 (and other similar profiles
to be presented in this section) are given in terms of apparent electron
density, but should be interpreted as strength of backscatter above the
background incoherent-scatter levels, as discussed in Section III. This
format is identical to that used for the 50-~MHz results from the Jicamarca
radar and provides a convenient and absolute means of comparison with
other results., This format and its interpretation are further clarified

in following discussions,

The profiles shown in Figure 4 were taken at different beam positions
during a single west-to-east scan on 23 August 1977, Conveniently, local
time lags Universal time (UT) by 12 hours. Therefore, the Universal
times given can be read directly as local time in the postnoon sector.

The numbers in the upper right corner of each panel refer to the radar
beam position. The first profile (taken at the most westward beam position)

is very similar to that presented in Section III and is interpreted as
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the nighttime ¥ layer with no spread ¥ present. (The sporadic-E layer

at approximately 100 km altitude is a feature common to all the profiles
in Figure 4. Its peak value is not necessarily associated with a real
electron density of that concentration and is probably caused at least
partially by semicoherent backscatter.) In fact, the first four profiles
are very similar, which indicates quiet conditions in the F-region

ionosphere to the west of the magnetic meridian.

Examining the remaining profiles in Figure 4, which were taken near
the east end of the scan, we can see the appearance of enhanced back-
scatter (i.e., above the background F layer values) on the bottomside of
the F layer. The peak value of these spread-F echoes (beam position 19)
can be seen to approach two orders of wmagnitude (i.e., 20 dB) above the
incoherent-scatter level. A feature to note in the profiles is the
stability of the background F layer. The fact that all profiles are
essentially identical in shape and peak value (even those that contain
spread-F) further supports our interpretation of the background profile

as the mean F-layer electron density profile,

To visualize the spatial structure of the region containing 1-m
spread-F irregularities associated with the profiles in Figure 4, a
contour map of backscatter intensity constructed from profile data from
all 21 beam positions is shown in Figure 5. The values of the contours
begin at 105 el/cm3 and increase in decade steps. (No attempt has been
made to correct for the variation in the magnetic aspect angle in the
maps. See Section II,) The small patchy 105 contours at the top of the
map are produced by the noisiness of the data at those altitudes. The

horizontal dashed line represents the altitude of the F-layer peak.

Two features are worth noting in the contour map shown in Figure 5:
(1) the isolated and discrete nature of the spread-F irregilarity region,
and (2) the constant altitude of the bottomside of the F layer as rep-
resented by the 105 contour, Rather than having an ionosphere filled
randomly but uniformly with these irregularity regions, we observe a
single backscatter region. If they are indeed distributed as described,

their spatial separations must be of the order of 200 km or more. The
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23 AUGUST 1977

1159:01-1204:04 UT 400 km
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L g ==
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F-LAYER PEAK

FIGURE 5 CONTOUR MAP OF ALTAIR BACKSCATTER INDENSITY
CORRESPONDING TO THE BACKSCATTER PROFILES IN
FIGURE 4

geometry of the irregularity region shown is that of a field-aligned rod
with a transverse cross-section approximately 30 km in diameter. The
altitude of the F-layer bottomside (105 el/cm3 contour) is 240 km, com-
pared to 220 km for the quiet-time profile shown in Section III. Further-
more, the bottomside gradients in the profiles shown in Figure 4 do not

appear to be significantly different from the profile in Figure 3.

Another example of discrete 1l-m spread-F irregularity regions is
shown 1n Figure 6. The format is identical to that shown in Figure 5,
except that the range now extends up to 500 km rather than 400 km. We
have suppressed the 105 contour on the topside of the F layer to mask the
presence of noise patches, Instead of one rod-like structure on the
bottomside of the F layer, as in the previous case, we see a slab-like
structure on the bottomside and a smaller rod-like structure in the top-
side of the F layer. The backscatter intensity from both regions are at
least 10 dB greater than that in the previous example. The bottomside of

the F layer is again at a virtually constant altitude in the sector west
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26 AUGUST 1977
1242:49-1247:34 UT

500 km

o

= 106
F-LAYER PEA;\\{J(

CMR-

FIGURE 6 CONTOUR MAP OF ALTAIR BACKSCATTER DEPICTING A
SPREAD-F STRUCTURE TILTED WEST FROM VERTICAL,
AND ITS SPATIAL RELATIONSHIP TO THE PEAK ALTITUDE
AND BOTTOMSIDE OF F LAYER

of the magnetic meridian. The altitude of the bottomside of the ¥ layer
in this more disturbed example is 270 km, 30 km higher than that in the

previous example.

The feature of particular interest in Figure 6 is the tilted, slab-
like irregularity region. As discussed in Section V, this map is the
first actual confirmation that such geometrical structures exist in the

equatorial ionosphere. Its existence, however, has been inferred

previously by other less direct means. Its cross-section transverse to
geomagnetic field lines (as shown in Figure 6) is 30 by 150 km with a
tilt of approximately 450 west of vertical. Note that since the scan is
from west to east, a more isotropic backscatter region would have to be
drifting eastward and downward at high velocities for the shape to be a

temporal effect caused by finite scan time.

24




Having demonstrated the value of AMTAC scans for determining the
spatial distribution of irregularities, their size, shape and orientation,
we present a third example that illustrates the value of repeated AMTAC
scans for extracting irregularity drift velocity transverse to the geo-
magnetic field. Four contour maps constructed from sequential AMTAC scans
on 26 August 1977 are shown in Figure 7. The ionospheric conditions were
more disturbed than in previous examples, as implied by the more wide-
spread presence of backscatter regions. The backscatter intensity is
comparable to that in Figure 6. As before, we note that these even more
disturbed conditions are associated with a bottomside of the F layer
that is higher than those observed in the two previous examples. Here,
we have bottomside altitude that is above 300 km, at least 30 km higher

than in the previous example and 60 km higher than in the first example.

The irregularity drift velocity can be inferred by scaling the
spatial displacement of similar features that appear in succeeding maps
and dividing the separation distance by the intermap period. Several
features can be identified in the maps in Figure 7, all showing by their
displacements to the right in succeeding maps that there is a generally
eastward drift. The drift appears to be approximately 60 to 70 m/s.

Vertical drift, if present, is small enough that it is not apparent.

We can estimate the range of velocities that can be estimated by
this technique if we assume that the lifetimes of these irregularity
regions are long enough. For example, at 300-km altitude, the map covers
a transverse distance of approximately 300 km. Then for an intermap
period of 5 min, we compute maximum east-west velocity of 1 km/s. Since
east-west drift velocities are usually of the order of 100 m/s (e.g.,
Woodman, 1972), all east-west velocities of interest can easily be
estimated by this technique, provided that the lifetimes of the irregu-
larities are greater than the intermap period. This seems to be the case
if all irregularity regions behave as those in Figure 7. Vertical veloc-
ities of interest can also be estimated by this technique provided there
is measurable vertical displacement in the structure before it drifts out

of the scanned region.
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(a) 1111:16-1116:35 UT (b) 1117:21-1122:35 UT

(c) 1123:16-1128:20 UT (d) 1135:11-1140:35 uTt

FIGURE 7 SEQUENCE OF AMTAC SCANS SHOWING THE EASTWARD DRIFT OF 1-m

SPREAD-F IRREGULARITIES
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V., DISCUSSION OF RESULTS

In this section, we discuss the results presented in the previous
section in the context of experimental results of other researchers and
with the collisional Rayleigh-Taylor instability as the mechanism res-

ponsible for equatorial spread-F.

First, it is desirable to "calibrate' the ALTAIR results obtained
at 155 MHz with those obtained with the Jicamarca radar at 50 MHz. By
calibrate, we mean to establish a relationship between spread-F observa-
tions by ALTAIR and by the Jicamarca radar. The differences are presumed
to be caused by the wavelength dependence of the spread-F irregularity
spectrum. More specifically, we wish to determine whether the backscatter
observed with ALTAIR is associated with "weak' or "strong' spread F as
seen at 50 MHz with the Jicamarca radar. This association is important
since a significant portion of the data base that constitutes our know-

ledge of equatorial spread-I' is derived from Jicamarca radar observations.

Balsley and Farley (1975) have defined "weak' spread F at 50 MHz
to be backscatter that is generally less than 20 dB above incoherent-
scatter levels. They suggested that weak spread-F echoes are caused by
partial reflections from the steep bottomside of the nighttime F layer.
In their gradient backscatter model, the received power is found to be
proportional to the sixth power of the radar wavelength. If their
model is correct, the backscatter intensity at 155 MHz from the same
gradient should be 29 dB weaker than that at 50 MHz. By their definition
of "weak' spread-F, corresponding backscatter at 155 MHz would be below
incoherent-scatter levels. Therefore, until other evidence becomes avail-
able to judge otherwise, we interpret all spread-F backscatter observed
with ALTAIR to be associated with "strong' spread-F backscatter at 50 MHz.
It is of interest in reference to our introductory remarks that "weak'
spread-F does not appear to be associated with scintillations at gigahertz

frequencies (Basu et al., 1977, Morse et al., 1977).
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Another crude comparison can be made between the backscatter inten-
sities observed by the two radars. Farley et al., (1970) state that
backscatter at 50 MHz has been observed to reach 70 to 80 dB above
incoherent-scatter levels. On the other hand, the highest values published
are on the order of 50 dB. From the limited amount of ALTAIR data
analyzed thus far, we have seen examples of backscatter that reached
30 dB above incoherent-scatter levels. A 20 dB difference in backscatter
intensity would give a wavelength dependence of approximately X4. If we
use the maximum difference in signal strength of 50 dB, we obtain a
wavelength of approximately Klo. Analysis of data collected during
simultaneous observations of spread-} backscatter at 155 and 415 MHz
with ALTAIR (during the Wideband Equatorial Program) should be useful in
obtaining a better estimate of the wavelength dependence of the small-

scale irregularities associated with equatorial spread F.

One of the wmost intriguing features of the disturbed equatorial
ionosphere is the existence of "plasma bubbles" that originate in the
bottomside of the F layer and appear to ''percolate' up through the F-layer
peak to the topside (e.g., Hanson and Sanatani, 1973). Plasma bubbles
appear to be intimately related to equatorial spread-F, gigahertz scintil-
lations and "'plume-like'" structures observed in range-time-intensity
(RTI) maps made from Jicamarca radar data (Woodman and la Hoz, 1976;
McClure et al., 1977). Plasma bubbles are characterized by depletions
in electron density by as much as three orders of magnitude below the
ambient levels. These plasma bubbles are likely to be depletions of
entire geomagnetic flux tubes. There is evidence that radar backscatter
occurs from regions of steep electron density gradients presumably
associated with the walls of plasma bubbles (Morse et al., 1977), and
perhaps also with the depleted regions where highly structured electron

density fluctuations have been observed (McClure et al., 1977).

Thus far, we have not observed depleted regions in the electron
density profiles obtained from ALTAIR data. Since plasma bubbles are
large-scale structures (of the order of 100-km dimension transverse to
the geomagnetic field), it is not a question of radar resolution.

Instead, it is likely that the backscatter that corresponds to the spread-F
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irregularity regions is coincident in space with the plasma bubbles, and
that spread-I' backscatter is strong enough to fill in any depletions in

the electron density profiles that would have been derived from incoherent-
scatter. In other words, the absence of depletions in the electron density
profiles obtained with ALTAIR may imply that 1-m irregularities are

present everywhere within a plasma bubble. It is possible and would be
highly profitable to determine whether depletions can be detected with
ALTAIR by incoherent scatter when the radar beam is scanned (at signifi-
cantly off-perpendicular angles to the geomagnetic field) across the

same magnetic flux tube that is producing spread-lI' backscatter.

The generation of rising plasma bubbles is believed to be caused by

the collisional Rayleigh-Taylor instability (e.g., Scannapieco and Ossakow,
1976). The instability growth properties are consistent with the obser-
vation that spread-}F tends to occur when the I' layer is at high altitudes.
Farley et al. (1970) have reported an altitude threshold for the occurrence
of spread ¥ to be greater than 350 km during sunspot maximum and greater
than 250 km during sunspot minimum. As described in Section IV, the
electron density profiles derived from ALTAIR data are consistent with
the results of Farley et al. (1970) and with the theoretical model. We
have found that at quiet times the bottomside of the F layer is about
220 km, Higher altitudes have been found (o be associated with corres-
pondingly higher spread-F activity. The increase in altitude of the
bottomside of the F layer from 220 km to more than 300 km represents a
factor of more than two decrease in the ion-neutral collision frequency,
a parameter whose inverse value is directly associated with instability
growth rate and vertical rise velocity of the plasma bubbles. Ossakow
and Chaturvedi (1977) have shown that dramatic increases in both growth
rate and vertical bubble velocities can be obtained by decreasing the

ion-neutral collision frequency by a factor of two,

With a specified altitude for the bottomside of the F layer and an
associated gradient, the Rayleigh-Taylor instability predicts a fixed
growth rate. If the perturbations of electron density responsible for
the production of plasma bubbles are initiated by thermal fluctuations

of the plasma, we would expect plasma bubbles to be vuiformly distributed
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and to occur at spatial intervals much closer than the observed intervals
on the order of 200 km (see Section IV), Clearly, if the initial pertur-
bations are much larger than thermal fluctuations, their spatial and

temporal patterns wfll control the distribution of plasma bubbles.

Examination of published data on plasma bubbles and electron-density
depleted regions indicates that they typically are distributed 15 min to
an hour in time and 100 to 400 km in horizontal distance. The ALTAIR
maps presented in Section IV are consistent with the above observations.
In fact, the structure seen in the backscatter maps in Figure 7 is very
suggestive of periodic wave structure. It is evident that analyses to
understand equatorial spread-I' will have to include sources that appear
to determine the input scale size and irregularity strength to, for
example, the collisional Rayleigh-Taylor instability. Similar conclusions
have been reached by Rottger (1973, 1976). Future detailed analysis of
ALTAIR data will include an evaluation of various nonthermal sources of

periodic perturbations such as traveling ionospheric disturbances (TID).

The question of whether there exists a source that can control the
input irregularity scale size and intensity is an intriguing one, and
one that is directly relevant to DNA's interests. Clearly, the need
for a modulation source that must operate in conjunction with an amplifi-
cation source (e.g., a plasma instability) to produce the intense irregu-
larities that can disrupt gigahertz communication channels introduces new

problems in the proper extrapolation of these results to the nuclear case.
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Appendix

RELATIONSHIP BETWEEN THE MEAN AND THE MEAN OF THE
LOGARITHM OF A RAYLEIGH RANDOM VARIABLE

Linear and logarithmic signal detection are two of the most common
operations performed on a received signal before it is recorded. If the
output signal is recorded without integration, it is possible to directly
convert the recorded signal from one form to the other (log to linear,
or vice versa). However, very often, the output signal is integrated
over several records before recording (e.g., to reduce the data trans-
mission rate or to limit the bulk of the recorded data). In this case,
it is not always convenient, even if possible, to convert the recorded
average signal from one form to the other. The difficulty arises because
the log operation is a nonlinear one. In this Appendix, we derive the

relationship between the mean and the mean of the (natural) logarithm

of a Rayleigh random variable, x.

The mean value is defined by

x
X = X p(x) dx . (A-1)
X
For a Rayleigh distribution,
2
X
SN
p 4 20
p(x) dx = = e dx (A-2)
o2
Therefore,
b4
© 2 L
. =
- 20"
% = =5 e dx . (A-3)
o
(6]
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But

2 L« 3«8 ... .23 = 1
2a  -px dx = 1 a( g ) % (A-4)

< p

1
Let a = 1 and p = —= , then Eq. (A-3) becomes
(A-5)

X =0

Next, we derive the mean value of the logarithm of a Rayleigh random

variable,
2
" _ X
X '02
log x = log x —= e i dx . (A-6)
o
(6}
2
Eet r = x , dr = 2x dx. Thexefore,
© Sk
9
1 20"
log x = = log r e (6 5 (A-7)
40
O
But
oo}
-ux I
e log x dx = - =(C + log uw) (A-8)
(8]

where C = Euler's constant.

= 877215
1
Let y = —= ., Therefore,
2
20
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Solving for ¢ in Eq.

Therefore, x

:\IS() of

(0

where K = ‘/ﬂ_

Substituting Eq.

(A-9),
) S
log (207) = 2 log x + C
g =K 010[.; x
(A-10) into Eq. (A-5),
= o Olog X

is reiated to log x by a constant.

- e e )
interest i1s the relationship of x and log x to x .

(8]

xdx
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O
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From Eq. (A-5),

and from Eq.

(A-11)

oo
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